ABSTRACT Interferon (INF) activity was evaluated in the supernatants from peripheral white blood cells (WBC) of chickens from six lines. The WBC were cultured in flasks or 24-well plates with medium or medium and phytohemagglutinin (PHA). After 2 to 5 d, duplicate supernatant samples were tested for INF activity, i.e., the log 2 titer inhibiting 50% destruction of the cytopathic effect of vesicular stomatitis virus on primary chick embryo fibroblasts. Also triplicate WBC samples were tested for proliferation by [H 3 ]-thymidine labeling and scintillation counting. In the absence of PHA, INF was significant for only two lines, i.e., 7 2 (two trials) and C (one trial). With PHA the level of INF produced was similar if flasks were
INTRODUCTION
Genetic differences in disease resistance and immune responsiveness are frequently recognized in chickens. Although inheritance of resistance can be simple, e.g., lack of a viral receptor determined by one gene in regards to several subgroups of avian leukosis viruses (Crittenden, 1993) , resistance to most diseases and disease in general have a low heritability (Albers, 1993) . Moreover, it is expensive to conduct disease challenge trials and select breeders based on progeny tests. Therefore, poultry breeders are reluctant to select for a trait of low heritability at the expense of selection for productivity traits. Thus it becomes important to identify the structural and regulatory genes that control resistance factors. When resistance factors are identified and optimal levels are defined, it may become practical to select for precise genes to improve disease resistance.
Cytokines are among the most important immune response factors that need to be identified and studied for their regulation. Many of the basic cytokines identified To whom correspondence should be addressed: baconld@msu.edu.
1629
sampled daily or on successive days. The INF levels were highest using 10 or 20 µg/mL PHA, but line differences were best distinguished using 5 or 10 µg/mL. In three trials there was a low correlation between PHA-stimulated WBC proliferation and INF titer (r ≥ 0.30; P < 0.05). It was concluded that supernatants from chicken WBC stimulated with 10 µg/mL PHA contain INF, and inbred Lines 7 2 and C repeatedly produce more INF than inbred Lines 6 3 and 15I 5 . This is the first evidence for line differences in INF production in chickens, and these lines may be useful for characterization of the relevant genes and their importance in immune response(s) and disease resistance.
as critical for immune response in humans and mice are now becoming identified in chickens (Lowenthal, 2001) . Among these are the interferon (INF)-α, -β, and -γ. The genes for INF-α (Sekellick et al., 1994) , INF-β (Sick et al, 1996) , and INF-γ are now identified. Each type of INF is effective in inhibiting virus in tissue culture. However, INF-γ is produced by thymus-derived cells and is acid sensitive , whereas INF-α and -β are produced by a variety of cells and are acid resistant (Pei et al., 2001) .
Genetic differences in the production of INF are not defined for chickens, but evidence suggests there is genetic variability. For example, numerous experiments have shown that lines of chickens have significant differences in the capacity of white blood cells (WBC) to respond to phytohemagglutinin (PHA) or concanavalin A. The PHA and concanavalin A compounds are plant lectins that act as mitogens and stimulate thymic-derived lymphocytes (Lassila et al., 1979; Fredericksen and Gilmour, 1983; Lee and Bacon, 1983; Pink and Vainio, 1983; Morrow and Abplanalp, 1984) . The supernatants from PHA-stimulated spleen cells also contain INF, and a portion is acid sensitive (von Bulow et al., 1984) . Therefore, supernatants from PHA-stimulated peripheral WBC from chickens of four inbred lines and two Marek's disease selected lines were analyzed for INF activity, i.e., the log 2 titer inhibiting 50% destruction of the cytopathic effect of vesicular stomatitis virus on primary chick embryo fibroblasts. Also triplicate WBC samples were tested for proliferation by [H 3 ]-thymidine labeling and scintillation counting.
MATERIALS AND METHODS

Chickens
Pedigreed chickens were obtained from four histocompatible inbred lines and two noninbred lines (see Bacon et al., 2000) . Three of the inbred lines were developed at the Avian Disease and Oncology Laboratory (ADOL) during selection for resistance (Line 6 3 ) or susceptibility (Lines 7 2 and 15I 5 ) to viral-induced tumors, i.e., Marek's disease and lymphoid leukosis. Inbred Reaseheath Line C was developed in England while selecting for egg production. Two noninbred lines developed at Cornell University were selected for resistance (Line N) or susceptibility (Line P) to Marek's disease. The 15I 5 , N, and P chickens were immunized at hatch with turkey herpesvirus Marek's disease vaccine, but 6 3 and 7 2 chickens were not vaccinated. All chickens were caged on the West ADOL farm where they were monitored to be free of the common avian pathogens Salmonella pullorum or galinarum, avian leukosis virus (Subgroups A, B, C, and D), Marek's disease virus, reticuloendotheliosis virus, avian adenovirus, infectious bronchitis virus, infectious bursal disease virus, avian influenza virus, Newcastle disease virus, and avian reovirus. However, there was evidence for infection with chick anemia virus.
PHA Mitogen Assay
Heparinized blood (10 to 15 mL) was obtained from the jugular vein of each chicken, and peripheral WBC were obtained by slow-speed centrifugation. The WBC were washed and viability was defined as described previously (Bacon and Lee, 1981) . In 25-cm 2 tissue culture flasks, 3 × 10 7 WBC in 5 mL medium were added to 5 mL of medium containing 0 or 20 µg/mL of PHA-P. Alternatively, in 24-well tissue culture plates, each well received 5 × 10 6 WBC in 1 mL medium added to 1 mL of medium with 2× the final concentration of PHA-P indicated (0, 5, 10, 20, or 50 µg/mL) . The medium was RPMI 1640 without serum supplemented with 2 mM Lglutamine, penicillin G, and streptomycin (100 U/mL and 100 µg/mL, respectively). Cultures were incubated at 39 C in a 5% CO 2 humidified atmosphere. At the days post-initiation identified, two 100-µL samples of supernatant were removed from cultures for INF tests. Then three 100-µL samples of suspended WBC were transferred to a 96-well plate and pulsed with [ 3 H]-thymidine (specific activity 6.7 Ci/mM) in 50 µL of medium. After 18 to 24 h, the WBC were harvested onto filter paper and dried, paper discs were placed into vials, scintillation fluid was added, and vials were counted for 1 min with a scintillation counter.
INF Test
Chicken INF was assayed using a modification of the vesicular stomatitis virus (VSV) cytopathic inhibition assay on chick embryo fibroblasts (CEF) (Rubenstein et al., 1981; Sekellick and Marcus, 1986) . The CEF were prepared from Line 0 chickens (Bacon et al., 2000) and cultured in Liebovitz-McCoy medium containing 4% fetal bovine serum (FBS). Each well of a 96-well flat-bottom microculture plate received 100 µL containing 2.0 × 10 5 CEF, and the plates were cultured at 37 C in a humidified atmosphere containing 5% CO 2 . After 4 d culture, duplicate 100-µL twofold dilutions of sample supernatants in medium were transferred to 11 consecutive wells. Column 12 contained only CEF, and Row 8 contained virus only with no supernatant. After overnight incubation, supernatants were dumped and each plate was inverted and blotted onto sterile paper towels. Then 250 µL of VSV (10 5 infectious doses) diluted in LiebovitzMcCoy medium with 2% FBS was added per well. Phillip Marcus, Department of Microbiology, University of Connecticut, provided the VSV stock (HR-W). The plates were incubated for an additional 1 to 5 d and observed for cytopathic effect (CPE). The medium was aspirated and the cells were stained with neutral red. The dye was removed, and the plates were washed twice with PBS and dried. Neutral red was released into 100 µL of 6M guanidine hydrochloride and the CPE inhibition was quantified by determining the percentage dye uptake by an ELISA reader using a 540-nm filter. The INF titer was the reciprocal of the dilution of supernatant resulting in a 50% CPE inhibition, and was the mean of duplicate culture rows (Sekellick and Marcus, 1986) . The dilution inhibiting 50% destruction of VSV contained 1 U of INF. For example, if the log 2 titer was four wells, then Well 4 had 1 U INF, Well 3 = 2 U, Well 2 = 4 U, and Well 1 = 8 U INF per 100 µL or 80 U INF/mL. If the supernatant mean log 2 titer = 4.5, the supernatant contained 120 U INF/mL.
Statistical Analysis
A Levene's test for homogeneity of variance was used to determine if WBC and INF variables needed transforming (SAS Institute, 2001 ). The WBC data usually needed a log-based transformation to stabilize variances so that an ANOVA could be conducted.
One-way ANOVA were conducted comparing chicken lines for each culture day for INF production and WBC proliferation under PHA stimulation and no PHA stimulation and testing conditions. If a significant F-value was obtained from an ANOVA (P < 0.05), a Duncan's new multiple-range test was used as the multiple comparison technique for estimating differences between line means (P < 0.05).
Pearson product moment correlations were calculated for WBC proliferation and INF production for conditions of PHA stimulation and no PHA stimulation over all culture day and lines combined as well as for each line over all culture days combined for the PHA-stimulated samples.
Experimental Design
Trial 1. There were two objectives. First, a completely randomized design (CRD) was used to determine if WBC pooled from chickens within a line in flasks and stimulated with PHA would detect line differences in WBC proliferation and INF production. Second, a repeated measures design was used to assess if sampling a flask daily yielded results comparable to a CRD sampling of a separate flask each day. The WBC were obtained from three 8-wk-old chicks of Lines 15I 5 , C, N, and P. Within each line, WBC were pooled and divided into three aliquots. From each aliquot five flasks received 3 × 10 7 WBC. One flask received no PHA. Four flasks received 10 µg/mL PHA, one for sampling daily and three for sampling once on Day 2, 3, or 4. Each day WBC were analyzed for proliferation, and supernatants were tested for INF.
Trial 2. The objective of the CRD was to analyze PHAstimulated WBC from individual chickens of six lines cultured in flasks and to determine if the lines differed in WBC proliferation and INF production. The WBC were obtained from three 12-wk-old chickens of Lines 6 3 , 7 2 , 15I 5 , C, N, and P. From each chicken, four flasks received 3 × 10 7 WBC. One flask received no PHA, and three flasks received 10 µg/mL PHA. Each flask was sampled on Days 2 to 5. The WBC were analyzed for proliferation, and supernatants were tested for INF.
Trial 3. The objective of the CRD was to analyze PHAstimulated WBC from individual chickens of six lines cultured in 24-well plates and to determine if the lines differ in INF production. The WBC were obtained from five 6-mo-old hens of the six lines. From each chicken, six wells received 5 × 10 6 WBC. Three wells had no PHA, and three received 10 µg/mL PHA. The wells were sampled on Days 2 and 3. The WBC supernatants were tested for INF, but WBC proliferation was not analyzed.
Trial 4. The objective of the CRD was to culture WBC from individual chickens of six lines with different concentrations of PHA in 24-well plates and to determine if line differences in WBC proliferation and INF production were dependent on PHA concentration. The WBC were obtained from five 10-mo-old hens of each line. From each chicken 5 × 10 6 WBC were added to three wells with no PHA, and to three wells with 5, 10, 20, or 50 µg/mL of PHA. The wells were sampled on Day 2. The WBC were analyzed for proliferation, and supernatants were tested for INF.
RESULTS
Trial 1 with Pooled WBC and Flask Cultures
With no PHA in cultures, INF detection was not significant (Table 1 , Column 3), and WBC proliferation was low, i.e., averaging 1.3 to 2.0 × 10 3 cpm (Column 7). With PHA the sampling of one flask repeatedly on succeeding days gave results similar to sampling a separate flask on succeeding days for INF (Column 4 vs. 5) or WBC proliferation (Column 8 vs. 9). By combining both tests over all sample days, INF was higher in C than other lines, and P was also higher than 15I 5 (Column 6). The WBC proliferation was higher in P and C than N and 15I 5 , (Column 10). With PHA, by combining all days, there was a low correlation between INF concentration and WBC proliferation (r = 0.32; P < 0.03).
Trial 2 with Individuals WBC and Flask Cultures
With no PHA in cultures INF detection was significant on Day 2 for Lines C and 7 2 , but combining all days the low levels were insignificant (Table 2, Column 3). With no PHA WBC proliferation was low, i.e., averaging 1.7 to 6.5 × 10 3 cpm (Column 5). In the presence of PHA lines differed for INF on all days. By combining all sample days, INF was higher in 7 2 than 6 3 , N or 15I 5 , and Lines C and P also had more INF than Lines N and 15I 5 . The WBC proliferation was higher in Lines 7 2 , C and P than Lines 6 3 , N and 15I 5 , (Column 6). With PHA combining all days there was a low correlation between INF concentration and WBC proliferation (r = 0.34; P < 0.004).
Trial 3 with Individuals WBC and 24-Well Plates
With no PHA in cultures INF detection was insignificant (Table 3 , Column 3). In the presence of PHA, lines differed for INF on both days. By combining both sample days, Lines 7 2 and C had more INF than Lines P or N, but P and N had more INF than Lines 6 3 , or 15I 5 . The WBC proliferation was not evaluated.
Trial 4 with Individuals WBC and Different Levels of PHA in 24-Well Plates
With no PHA, or 50 µg/mL PHA, only 7 2 had significant INF (Table 4 , Column 3). The INF levels were highest using 10 or 20 µg/mL PHA. With 5 or 10 µg/mL PHA, Lines 7 2 and N had more INF than Lines 15I 5 or 6 3 . With 5, 10, or 20 µg/mL PHA WBC proliferation was higher in 7 2 than 6 3 or 15I 5 . With PHA combining all days there was a moderate correlation between INF concentration and WBC proliferation (r = 0.52; P < 0.001).
DISCUSSION
In four trials significant differences were seen in the production of INF by peripheral WBC between chickens Mean daily values in a column with no common superscript letters differ (P < 0.05).
1 WBC were pooled from three 8-wk-old chickens per line. Three WBC pools were made per line and from each pool 2 × 10 7 WBC were cultured in six 25-cm 2 flasks. One flask had no phytohemagglutinin (PHA) and was tested daily. Five had 10 µg/mL PHA, one for daily repeat testing and one for test Days 2, 3, 4, and 5. Three WBC samples were obtained for each day per flask. The counts per minute were determined, and the mean ± standard deviation counts per minute × 10 −3 for the line is given.
of different genetic lines, particularly following stimulation with PHA. The use of peripheral WBC is desirable as this permits repeat analyses at a later date, or utilization of the analyzed chickens for various purposes, e.g., to produce chicks. The genetic differences in INF were seen with supernatants from WBC cultures in flasks or from 24-well plates. Use of the large flasks is advantageous if one wants to obtain quantities of supernatant from different lines for further processing of INF or other cytokines. Indeed line differences in INF production were demonstrated using flasks containing either pooled or individual chickens WBC. However, the assay was adapted to 24-well plates as this requires fewer WBC and allows more replicates from one animal, a desirable feature if one wants to statistically compare individual chickens or groups of chickens or different assay procedures, e.g., PHA concentration. The effect of PHA concentration on WBC proliferation and INF production was evaluated in Trial 4. The 10 or 20 µg/mL concentration was optimal for WBC proliferation confirming earlier research, as well as for INF production, regardless of the chicken strain. However, 10 µg/mL was preferable for defining statistical differences in INF production. Only one PHA concentration, i.e., 10 µg/mL, was used in Trials 1, 2, and 3. Other studies (e.g., Morrow and Abplanalp, 1984; van den Berg et al., 2001 ) have reported that higher concentrations of PHA may be optimal for WBC proliferation, but this could be dependent on the source or lot of PHA, or methods used, e.g., concentration of serum in medium.
There were differences in WBC proliferation in chickens from different lines. With no PHA the background level of WBC proliferation was generally similar between lines. However, with PHA WBC had different levels of proliferation. In flasks WBC had more proliferation from Lines P and C than Lines N or 15I 5 , and 7 2 also had more proliferation than Lines N and 15I 5 as well as 6 3 . In 24-well-plates WBC proliferation was again higher in Line 7 2 than Lines 15I 5 and 6 3 , but results for Lines C, P, and N were variable from those seen in Trials 1 and 2. The chickens for Trial 4 were older, but the age influence on these results is unknown. It was concluded that in the presence of PHA WBC consistently proliferate more from Line 7 2 than from Line 15I 5 or 6 3 chickens. The results for 6 3 and 7 2 are in agreement with earlier mitogen (Fredericksen and Gilmour, 1983; Lee and Bacon, 1983 ) and mixed lymphocyte response studies (Bacon and Lee, 1981) . Interestingly, Line 6 3 and 7 2 chickens also differ dramatically in the size of their primary lymphoid organs, i.e., the bursa of Fabricius and the lobes of the thymus, as well as the spleen, are all smaller in Line 6 3 .
Importantly, the current research provides the first evidence for differences in INF production by WBC from chickens of different lines. In the absence of PHA the quantity of INF produced was repeatedly significant for only one line. Without PHA after 2 d of culture Line 7 2 had more INF than other lines in two of three trials. High levels of autologous WBC proliferation in some Line 7 2 chickens has been seen previously (Bacon and Lee, 1981) . In the presence of PHA consistent differences in the quantity of INF production were seen between several lines. Within Trials 1, 2, and 3 the INF data were combined over all days tested, and the significance of the combined data is discussed here. In Trial 1 Line C produced more INF than Lines P, N or 15I 5 , and P also exceeded Line 15I 5 . In Trial 2 Line 7 2 also had more INF than N and 15I 5 as well as 6 3 , and Lines C and P had more INF than N and 15I 5 . In Trial 3 Lines 7 2 and C had more INF than Lines P or N, but P and N had more INF than Lines than 6 3 , or 15I 5 . In Trial 4 with 5 or 10 µg/mL PHA Lines 7 2 and N had more INF than Lines 15I 5 or 6 3 , and Lines P and C were intermediate. Based on all four trials it was concluded that PHA-stimulated chicken WBC supernatants contain INF, and inbred Lines 7 2 and C repeatedly produce more INF than inbred Lines 6 3 and 15I 5 . The repeated line differences lead us to conclude that genes control differences in INF production, and that the definition of variation in these genes will provide methods to select chickens with optimal levels of INF for adequate immune responses.
The INF assays for the current study were conducted in 1990 and 1991, but statistical analyses were only completed recently. Since 1991 the genes for INF-α (Sekellick et al., 1994 ) -β (Sick et al., 1996 , and -γ Song et al., 1997) were cloned, and monoclonal antibodies have been developed (Lambrecht et al., 2000; Yun et al., 2000) . The INF-α and -β genes are on the sex chromosome (Nanda et al., 1998) . Due to the lack of this information in 1991, no attempt was made to define the type of INF detected. However, it was postulated that the assays detected predominantly INF-γ for three reasons. First, INF-γ is known to be acid sensitive in contrast to INF-α and -β (von Bulow et al., 1984; Lowenthal et al., 1995) . It was noted that when acidity (detected by yellow color in the culture) became extreme in some wells of a Mean daily values in a column with no common superscript letters differ (P < 0.05). ) from each chicken were cultured in three wells without phytohemagglutinin (PHA) and in three wells with 10 µg/mL of PHA.
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Duplicate 100-µL samples of supernatant were obtained from each well and diluted in 12 serial 1:2 dilutions. The dilution inhibiting 50% destruction of cells by vesicular stomatitis virus was 1 U INF. The mean ± standard deviation of units INF per milliliter for the line is given. The optical densities of the cell controls for Days 2 and 3 were 1.28 ± 0.12 and 1.46 ± 0.13, respectively. An INF control had an average of 154 ± 10 U/mL on Day 2 and 83 ± 15 U/mL on Day 3.
plate, that those supernatants lacked INF activity in contrast to supernatants from adjacent wells. In some wells the yellow color was associated with the presence of mold. For affected individuals the data were only analyzed from replicate wells on that and other plates that had normal culture coloration. Second, PHA stimulates thymus-derived lymphocyte proliferation and was essential for the production of significant levels of INF. Recently INF-γ has been demonstrated in supernatants from PHA-stimulated spleen cells (Yun et al., 2000; van den Berg et al., 2001 ). Third, there was a low-to-moderate but significant correlation in each experiment between WBC proliferation and INF level in cultures receiving PHA. Similar correlations have been observed in regard to proliferation of spleen cells to mitogens and INF-γ (van den Berg et al., 2001) . Studies using recently developed monoclonal antibodies in ELISA assays (Yun et al., 2000; van den Berg et al., 2001) or evaluation of mRNA (Leschinsky and Klasing, 2001; Novak et al., 2001 ) are needed to certify that the line differences in INF in PHA supernatants are attributable to INF-γ.
The influence of various types of INF on immune responses has recently been evaluated Yun et al., 2000; Novak et al., 2001 ). The INF-α, -β, and -γ will all inhibit the CPE by VSV, but INF types differ for effects on immune response, e.g., INF-γ activates macrophages and enhances Class-II MHC expression on cells (Song et al., 1997) . Because the type of INF measured in the current assays was not certified, it seems premature to discuss in depth a correlation between ability of a line to produce INF in vitro and disease resistance. However, it is of interest that the chicken lines analyzed for INF are well characterized for resistance to lymphoid tumors, particularly Marek's disease and lymphoid leukosis (Bacon et al., 2000) . Line 7 2 is susceptible to these tumors and consistently produces more INF than Line 15I 5 (also tumor susceptible) or Line 6 3 (tumor resistant). Therefore, chickens resulting from F 2 or backcross matings of these inbred lines should be desirable for studies on the relationship between genetics of different types of INF response and differences in tumor resistance. This is particularly relevant for Lines 7 2 and 6 3 which have the same MHC Class I and II genes (Hunt and Fulton, 1998; Pharr et al., 1998) . Nineteen recombinant congenic strains (RCS) are under development between Lines 6 3 and 7 2 (Bacon et al., 2000) . Each RCS resulted from an F 1 and two backcross matings using 6 3 as the recurrent female line. After eight generations of sib matings, each 6C.7 RCS is becoming inbred and fixed for a different 12.5% of the 7 2 genome. The 6C.7 RCS are proving useful for identifying genes that determine trait differences between Lines 6 3 and 7 2 . Traits under analysis include resistance to Marek's disease (Yonash et al., 1998) , concentration of IgG in plasma (Yonash et al., 2002) , and blood-group differences (Bacon et al., 2000) . The RCS are also useful for identifying interactions between genes controlling a trait (Fijneman et al., 1996) . Based on synteny of genes in the human or mouse, it is anticipated that polymorphic genes will soon be identified that control production of INF in the chicken. Then it will be of interest to see if the relevant genes differ in Lines 6 3 and 7 2 , or in the RCS. For example, the chicken INF regulatory factor ) were cultured per well in 24-well plates. For each hen, triplicate wells contained medium alone or medium with 5, 10, 20, or 50 µg/mL PHA.
Duplicate 100-µL samples of supernatant were obtained from each well and diluted in 11 serial 1:2 dilutions. The dilution inhibiting 50% destruction of cells by vesicular stomatitis virus was 1 U of INF. The mean ± standard deviation of units INF per milliliter is given. Three tests were done. The optical densities of the cell controls were 0.98 ± 0.11, 1.38 ± 0.06, and 1.16 ± 0.07, and a control INF had an average of 32 ± 7, 61 ± 8, and 28.6 U/mL.
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Three WBC samples were obtained each day per well. The counts per minute were obtained and the mean ± SD for the line is given. 1 gene that maps to a microchromosome (Mariani et al., 1999) , or the INF-γ promoter gene that has recently been shown to influence antibody titers (Zhou et al., 2001) , may differ in chickens of these lines. If INF genes are identified that affect tumor or other disease resistance, then it will be relevant to determine if alloalleles exist in commercial stocks that may be selected to improve disease resistance. It appears that a moderate level of wellcontrolled expression of INF-γ may be desirable as overexpression may lead to susceptibility to lymphoid tumors, or to autoimmune diseases (Hempel et al., 2001) . Alternatively, if expression is too limited, the immune response may be inadequate for the control of disease organisms, e.g., coccidiosis (Yun et al., 2000) .
